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ABSTRACT 

The  stress-corrosion  suscep-ibility  of 
Aluminum  Alloy  5456  in  the  H321  temper  w as 
investigated  as  a  function  of  longitudinal, 
long  transverse,  and  short  transverse  plate 
orientations.  The  alloy  was  found  to  be 
subject  to  pitting  attack  but  immune  to  stress 
corrosion  cracking  in  flowing  seawater  at 
ambient  temperature. 
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ADMINISTRATIVE  INFORMATION 

This  work,  which  is  one  phase  of  an  investigation  of  stress- 
corrosion  behavior  of  high-strength  aluminum  alloys,  was  conducted 
under  Sub-project  S-F020  01  02,  MEL  Assignment  86  114,  The 
report  constitutes  Fiscal  Year  Milestone  3  on  page  A- 307  of  the 
May  1967  NSRDC  Program  Summary,  Part  II. 


* 


Report  2h‘j>6 


TABLE  OF  CONTENTS 


Page 


ABSTRACT 

ADMINISTRATIVE  INFORMATION 
INTRODUCTION 
APPROACH 

DESCRIPTION  OF  MATERIAL 
METHOD  OF  INVESTIGATION 
RESULTS  AND  DISCUSSION 

Plate  Microstructural  Characteristics 

Stress-Corrosion  Exposure 

Microstructural  Characteristics  -  Corrosion  Specimens 
CONCLUSIONS 
LIST  OF  FIGURES 

Figure  1  -  Drawings,  Specimen  and  Grain  Orientations  in 
5456-H321  Plate 

Figure  2  -  Photomicrographs  Illustrating  Variation  in 

Grain  Orientation  with  Plate  Direction  (100X) 

( 1/2$  HF  Etch) 

Figure  3  -  Composite  Photomicrograph  of  Grain  Orientation 
in  5456-H321  Plate  (100X)  (1/2,:  HF  Etch) 

Figure  4  -  Photographs,  Appearance  of  Short  Transverse 
Stress-Corrosion  Specimens  After  1  Year  of 
Exposure  in  Flowing  Seawater 

Figure  5  -  Photograph,  Pitting  Attach  on  Tension  Surface 
of  Stress-Corrosion  Specimens 

Figure  6  -  Photograph,  Pitting  and  Crevice  Attack  on 
Compression  Surface  of  Stress-Corrosion 
Specimens 

Figure  7  -  Photomicrographs  Illustrating  Directionality 
of  Pitting  Attack  on  Plane  ”3"  in  Type  1  Long 
Transverse  Specimens  (Kell<  rs  Etch) 

Figure  8  -  Photomicrograph  Illustrating  Directionality  of 
Pitting  Attack  on  Plane  ”3  in  Type  •«  Longi¬ 
tudinal  Specimens  (100X)  (r  ollers  Etc;;) 

Figure  9  -  Photomicrographs  Illustrating  Directionality  c 
Pitting  Attack  on  Plane  ”A  in  Type  Short 
Transverse  Specimens  (Kell-'  *s  Etch) 

APPENDIXES 

Appendix  A  -  Technical  References 
DISTRIBUTION  LIST 


l 
•  « 

11 


ii  i 


»-*  »H  CV  K\  K\  KN«— ■  iAO 


Report  24^6 


NAVAL  SHIP  RESEARCH  AND  DEVELOPMENT  CENTER 


STRESS-CORROSION  STUDIES  OF  ALUMINUM 
ALLOY  5456-H321  IN  SEAWATER 

By 

George  A.  Wacker 


INTRODUCTION 

Current  U.  S.  Navy  interest  in  corrosion- resistant  alumi¬ 
num  alloys  stems  from  a  continued  emphasis  on  reducing  total 
ship- construction  weight,  particularly  for  surface-vessel  super¬ 
structure  components.  Aluminum  alloys  are  finding  additional 
widespread  usage  in  different  aspects  of  naval  military  construc¬ 
tion,  such  as  sonar  spheres  for  deep  submergence,  helicopter 
landing  pads,  radar  masts,  and  small  craft  personnel  carriers. 

It  is  quite  probable  that  future  programs  in  hydrofoil  and 
surface- effect  craft  as  well  as  deep- submergence  vehicles  will 
rely  on  aluminum  alloys  for  certain  critical  components. 

Previous  work  at  this  Laboratory1  and  elsewhere  has  shown 
that  certain  wrought  heat-treated  aluminum  alloys  are  extremely 
prone  to  directional  variations  of  stress-corrosion  cracking 
susceptibility  in  seawater;  i.e.,  stress- corrosion  cracking  is 
related  to  both  microstructural  characteristics  and  the  plate 
direction  which  sustains  continuous  applied  tensile  stress.  In 
general,  the  5000- series  aluminum  alloys  are  known  to  exhibit 
excellent  marine  corrosion  properties.3 *a *4 * 8 *e *7  No  detailed 
work  is  available,  however,  as  to  whether  or  not  the  stress- 
corrosion  directionality  effects  observed  in  the  high-strength, 
wrought,  heat-treated  aluminum  alloys  would  also  pose  a  problem 
in  the  highly  cold-worked,  nonheat- treatable,  5000- series 
aluminum  alloys. 


APPROACH 

In  order  to  assess  stress-corrosion  directionality  effects 
in  5456-H321  alloy,  it  was  decided  to  expose  bent-beam  specimens 


A Superscripts  refer  to  similarly  numbered  entries  in  Appendix  A. 
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in  seawater  utilizing  a  wide  variety  of  plate  orientations  to 
cover  micro structural  anisotropy  effects.  A  schematic  represen¬ 
tation  of  specimen  and  grain  orientations  appears  in  Figure  1. 


DESCRIPTION  OF  MATERIAL 

All  specimens  were  machined  from  commercial  5456-H321  plate 
(3  inches).  The  chemical  composition  and  mechanical  properties 
of  the  plate  are  as  shown  in  Tables  1  and  2. 

Table  1  -  Plate  Chemical  Composition 


AS 'EM 
Specifi¬ 
cation 
B209-64 

Chemical  Composition,  $  ] 

Mg 

Mn 

Cu 

Cr 

Sit 

Fe 

Zn 

Ti 

Others 

A  l 

Each 

Total 

4.7/ 

5.5 

0.5/ 

1.0 

0.10 

Max 

0.05/ 

0.20 

Fe  +  Si  = 
0.40  Max 

0.25 

Max 

0.20 

Max 

0.05 

Max 

0.15 

Ma>- 

i 

Actual 

Analysis 

5.18 

133 (1) * 

0.097 

0.075 

0.11 

0.21 

<0.05 

0.09 

— 

0.04 

Rem 

*Low  in  Mn. 

Rem  =  Remainder,  Max  =  Maximum 


Table  2  -  Plate  Mechanical  Properties 


Orientation 

Mechanical  Properties  | 

UTS,  ksi 

0.2%  YS,  ksi 

Elongation*  % 

Longitudinal 

4(5. 9 C  * 

29.2 

26.5Ca) 

50. 4( 2 ’ 

32.3 

15.013’  1 

Long  Transverse 

48.4,i)  1 

28.0 

19.0(3) 4 

4q.41s) 

28.5 

19 .0f  3  5 

Short  Transverse 

-  42.4 

23.9 

42.6 

_ j5Al  . 

8!o(*' 

1  Plate  surface 

£Plate  center 

3 2- inch  gage 

4 1- inch  gage 

UTS  =  Ultimate  Tensile  Strength 

YS  =  Yield  Strength 

ksi  =  Thousand  Pounds  per  Square  Inch 
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METHOD  OF  INVESTIGATION  • 

Six  types  of  stress-corrosion  specimens  were  used,  two 
for  each  possible  plate  orientation,  i.e„,  longitudinal,  long 
transverse,  and  short  transverse  (see  Figure  1). 

Two  specimens  of  each  type  were  tested  at  stress  levels  of 
0,  50,  JO,  and  90  percent  of  the  0.2-percent  yield  strength 
(average  of  longitudinal  and  long  transverse  yield  strengths). 
Longitudinal  and  long  transverse  specimens  measured  7X1  3/8  X 
1/16  inches,  while  short  transverse  specimens  measured  3  X 
1  3/8  X  1/32  inches.  All  specimens  were  stressed  to  appropriate 
yield- strength  levels  as  two- point- loaded  bent  beams  and  exposed 
to  flowing  seawater  (1-3  fps)*  for  1  year  at  Harbor  Island, 

North  Carolina.  Specimens  were  exposed  in  the  horizontal  plane 
so  that  sea-water  flow  was  perpendicular  to  the  specimen  length. 
A  summary  of  the  test  program  appears  in  Table  3. 

Table  3  -  Test  Program 


Specimen 

Type1 

Plate 

Orientation 

Stress  Levels® 
{%  of  0.2 %  YS) 

1 

Long  Transverse 

1 

i 

2 

3 

Longitudinal 

0,  50,  ' 

ro,  &  90 

4 

5 

Short  Transverse 

6 

f 

1See  Figure  1. 

sTwo  specimens  of  each  specimen  type  were 
tested  at  each  stress  level;  total  =  48 
specimens. 


RESULTS  AND  DISCUSSION 

PLATE  MICROSTRUCTURAL  CHARACTERISTICS 

Corrosion  in  the  aluminum-magnesium  alloys  is  believed  to 
result  from  the  presence  of  continuous  zones  of  anodic  particles 
of  precipitate  at  both  the  grain  boundaries  and  slip  planes.  The 


♦Abbreviations  used  in  this  text  are  from  the  GPO  Style  Manual, 
1987#  unless  otherwise  noted. 
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magnesium  present  in  excess  of  that  in  solid  solution  forms  an 
aluminum-magnesium  compound  which  is  anodic  to  the  aluminum - 
magnesium  solid  solution.  In  a  corrosive  environment ,  such  as 
seawater,  the  anodic  compound  will  suffer  accelerated  attack.  If 
the  anodic  constituent  is  distributed  uniformly  throughout  the 
microstructure  and  is  present  both  within  the  grains  and  at  the 
grain  boundaries,  corrosion  will  not  be  as  severe  as  when  the 
anodic  constituent  forms  a  continuous  network  at  the  grain 
boundaries. 

Figure  2  summarizes  the  three  microstructural  planes  of 
interest  in  the  5456-H321  alloy,  while  Figure  3  presents  a  com¬ 
posite  of  these  planes  superimposed  on  a  small  hypothetical 
block.  To  facilitate  discussion  of  plate  microstructural  char¬ 
acteristics,  Planes  "A, n  nB,"  and  "C,"  as  illustrated  and 
identified  in  Figures  1,  2,  and  3/  will  be  used. 

From  Figure  3  it  is  seen  that  there  are  distinct  micro- 
structural  variations  with  plate  direction.  It  can  also  be  seen 
why  the  short  transverse  plate  orientation  is  generally  considered 
to  be  the  most  susceptible  to  stress-corrosion  cracking.  If  a 
specimen  is  taken  in  the  short  transverse  (through  plate  thick¬ 
ness)  direction,  and  Plane  ’’B"  OR  ”A"  is  stressed  in  tension, 
then  corrosion  may  follow  the  continuous  grain  boundaries  in  the 
longitudinal  or  long  transverse  plate  directions.  On  the  other 
hand,  if  either  longitudinal  or  long  transverse  specimens  are 
taken  out  so  that  Plane  ’’C”  is  stressed  in  tension,  corrosion 
following  grain  boundary  paths  must  continue  along  a  far  more 
discontinuous  and  tortuous  path  in  the  short  transverse  direction. 
These  discontinuous  grain  boundary  paths  provide  time  for 
corrosion- stifling  polarization  to  occur,  and  thus  less  suscep¬ 
tibility  to  stress- corrosion  cracking  is  usually  observed  for  the 
longitudinal  and  long  transverse  plate  orientations  than  for  the 
short  transverse  direction. 

STRESS-CORROSION  EXPOSURE 

None  of  the  48  specimens  tested  in  this  program  failed  from 
stress-corrosion  cracking  during  the  year  of  exposure  to  flowing 
seawater.  When  removed  from  seawater,  the  specimens  were  covered 
with  marine  fouling,  ranging  from  moderate  to  severe,  as  shown 
in  Figure  4.  After  cleaning,  most  specimens  exhibited  only  mild 
general  corrosion  damage  characterized  by  scattered  pitting. 
Several  specimens,  however,  did  suffer  accelerated  attack. 
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Figures  5  and  6  illustrate  the  tension  and  compression  surfaces 
of  the  three  specimens  which  suffered  the  worst  attack  in  this 
test.  On  these  specimens#  pitting  had  progressed  entirely 
throucrh  the  l/l6-inch  specimen  thickness  during  the  year  of 
exposure.  From  Figure  6  it  is  evident  that  some  crevice  cor¬ 
rosion  had  also  occurred  at  the  specimen  ends  where  contact  had 
been  made  with  the  micarta  stressing  fixtures.  Incipient  crevice 
corrosion  was  also  noted  on  several  other  specimens.  Many 
specimens  showed  scattered  pitting  on  the  compression  face. 

MICRO STRUCTURAL  CHARACTERISTICS  -  CORROSION  SPECIMENS 

In  general,  pitting  susceptibility  in  the  5456-H321  alloy 
was  nowhere  as  severe  as  observed  for  the  wrought,  heat- 
treatable,  7079-T6  alloy.1  No  stress- corrosion  cracking  was 
noted  from  microstructural  observations.  Slight  surface  pitting 
attack  was  noted  on  almost  all  specimens.  Upon  metal lographic 
examination,  pitting  attack  ranged  from  complete  perforation  of 
l/l6- inch  test  specimens  to  moderate  surface  roughening.  No 
correlation  was  noted  between  test  stress  level  and  amount  or 
degree  of  pitting. 

The  characteristics  and  penetration  of  pitting  corrosion 
appears  to  be  related  to  plate  orientation.  Figure  7  shows  the 
"BM  microstructural  plane  of  a  Type  1  long  transverse  specimen. 
With  corrosion  attack  occurring  perpendicular  to  the  elongated 
axes  of  grains,  the  pitting  is  broad  and  shallow.  The  same 
plane,  ”B,"  is  shown  in  Figure  8,  but  representing  a  cross  sec¬ 
tion  of  a  Type  4  longitudinal  specimen.  In  this  case,  the 
direction  of  attack  is  parallel  to  the  elongated  grain  axes, 
and  pitting  is  deep.  Similarly,  deep  elongated  pits  occur  when 
the  direction  of  corrosion  attack  is  parallel  to  the  elongated 
axes  of  grains  in  Plane  "A,”  as  shown  in  Figure  9. 

It  is  significant  to  note  that  pitting  i.n  the  three  examples 
cited  above  developed  on  the  compression  side  of  the  specimen. 
Thus,  the  pitting  is  not  related  to  tensile  loading.  Also  signif- 
cant  is  the  fact  that  even  though  the  attack  is  related  to  grain 
structure,  and  the  leading  edge  of  attack  follows  grain  boundar¬ 
ies,  the  metal  loss  covers  a  broad  area.  The  broadening  of 
attack,  as  opposed  to  its  confinement  to  grain  boundary  material, 
is  believed  to  be  due  to  the  uniform  distribution  of  the  anodic 
aluminum-magnesium  compound  throughout  the  microstructure. 
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CONCLUSIONS 

Aluminum  Alloy  545&-H321  is  subject  to  pitting  attack  in 
seawater,  with  the  nature  of  the  pitting  being  related  to  the 
characteristic  grain  structures  found  in  different  plate  orienta¬ 
tions.  However,  no  evidence  of  susceptibility  to  stress- 
corrosion  cracking  was  found  in  specimens  representing  various 
plate  orientations  when  exposed  for  1  year  in  seawater  at  ambient 
temperature . 
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L  -  Longitudinal 
LT  -  Long  Transverse 
ST  -  Short  Transverse 

Figure  1 

Specimen  and  Grain  Orientations  in  5456-H321  Plate 
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Plane  "A” 

Longitudinal/Short-Transverse 

Plane 


Plane  "B" 

Long-  Tran  s  ver  se/Shor  t- 
Transverse  Plane 


Plane  MC,,: 

Longitudinal/Long-Transverse 
F  lane 


Figure  2  -  Photomicrographs  Illustrating  Variation  in 
Grain  Orientation  with  Plate  Direction  ; I  OCX)  ' 1/2"  H/  Etch) 
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Short  Trar  averse 


Potest 

Longitudinal/Short  Transverse  -  Piute  MAtt 
long  Transverse/Short  Transverse  -  I1  lane  nBst 
iLongitudinal/Long  Transverse  -  Plin<?  *Cn 

Figure  J> 

Compo.  ite  Photomicrograph  of  Grain 
Orie  itation  in  5^56- H521  Plate 
(100X)  (1/2$  HI'  Etch) 
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Type  2  Type  2  Type  3 

Long  Long  Longi- 

Transverse  Transverse  tudinal 


Figure  6  -  Pitting  and  Crevice  Attack  on 
Compression  Surface  of  Stress-Corrosion  SDerimmc 
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Figure  8 

Photomicrograph  Illustrating  Directionality  of  Pitting 
Attack  on  Plane  "Bn  in  Type  4  Longitudinal  Specimens 

(100X)  (Kellers  Etch) 
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Figure  9  -  Photomicrographs  Illustrating  Directionality  of 
Pitting  Attack  on  Plane  "A’  in  Type  5  Short  Transverse 

Specimens  (Kellers  Etch) 
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